Abstract. Hierarchically porous MFI zeolites (ZSM-5) have been synthesized by hydrothermal treatment in the presence of trialkoxysilylated-derivatives of nonionic poly(oxyethylene) alkyl ether or alkyl quaternary ammonium cation as mesopore-generating agent, along with tetrapropylammonium cation as zeolite structure-directing agent. Powder X-ray diffraction revealed that zeolites have been crystallized, and scanning electron microscopy showed rugged surface morphology that was quite different from conventional ZSM-5. The mesoporosity was confirmed by nitrogen adsorption-desorption measurement showing type IV isotherms with narrow distribution of mesopore diameters. The catalytic activity of these mesoporous ZSM-5 was tested in liquid-phase esterification of benzyl alcohol with hexanoic acid. The conversion of benzyl alcohol on mesoporous ZSM-5 prepared via cationic-templating route was almost 100%, being much higher than on mesoporous ZSM-5 prepared with silylated nonionic surfactant as well as on conventional ZSM-5 with no mesopores. The presence of Brønsted acid sites, together with the mesopores, was responsible for this catalytic conversion, as confirmed by pyridine adsorption monitored by in situ infrared and 27 Al magic angle spinning nuclear magnetic resonance spectroscopy.
Introduction
A family of crystalline microporous materials comprising of zeolites and their analogues so far has 194 framework types with various topologies, elemental composition and pore diameters. In the case of zeolites, the largest aluminosilicate micropore diameter is 0.75 nm, which is built from the 14-membered-ring of tetrahedrally-coordinated silicon and aluminum atoms of CIT-5 (CFI framework) [1, 2] . In the siliceous form, UTD-1 (DON framework) has micropore diameter of 0.82 nm, which is larger than that of CIT-5 [3] .
However, both of these zeolites have only one-dimensional pore topology that excludes their use as catalyst in the oil refining and petrochemical industries. Three-dimensional pore network of the silicogermanate zeolite analogue of ITQ-21 has 1.18 nm wide cavities with 0.74 nm wide windows equal to the framework of FAU zeolite (12-membered-ring), exhibiting high catalytic activity in oil refining [4] . Other zeolite analogues with large micropores include microporous aluminophosphate (e.g. VPI-5 [5] , AlPO 4 -8 [6, 7] , JDF-20 [8] and gallophosphate, i.e. cloverite [9] , ULM-5 [10] ). However, synthesis of new zeolite with larger micropores and three-dimensional pore system still remains a difficult challenge, although they are highly demanded especially for enhancing the catalytic conversion of bulky compounds.
The generation of mesopores (2-50 nm) in zeolites may enhance the active sites accessibility, thus leading to the improvement of the catalytic performance. The hierarchically porous zeolites, hereafter denoted as mesoporous zeolites, have been synthesized by multistep methods such as hard-templating [11, 12] , dealumination [13] , desilication [14, 15] and exfoliation [16] . The mesoporosity in zeolite catalysts has been shown to solve the phenomena of slow diffusion and coke formation in the pores as a result of side catalytic reactions [17] . Onestep method to realize the synthesis of mesoporous zeolite was recently developed by employing silylated surfactant in combination with organic structure-directing agent (OSDA) [18] . Alkyltrimethylammonium-type, cationic surfactant bearing a trialkoxysilyl group acted as the mesopore-generating agent to produce various mesoporous zeolites (MFI, LTA, SOD and FAU) [18, 19] . Furthermore, we have recently extended this method to the use of silylated nonionic surfactant and successfully obtained mesoporous MFI zeolites [20] .
In this paper, we report the syntheses and catalytic properties of mesoporous ZSM-5, an aluminosilicate MFI zeolite. Trialkoxysilylated cationic and nonionic surfactants are used as the mesopore-generating agent in the hydrothermal synthesis of zeolite in the presence of OSDA. The products obtained from cationic and nonionic-templating route will be compared and detailed structural characterization is performed by powder X-ray diffraction, scanning electron microscopy, solid-state NMR and infrared spectroscopy. The catalytic activity of these mesoporous ZSM-5 is tested for the liquid-phase esterification of benzyl alcohol with hexanoic acid. The conversion of benzyl alcohol is compared to the one achieved with conventional ZSM-5 in order to examine the importance of generating mesoporosity in zeolites. [21, 22] . The crude product was used without further purification (quantitative yield).
Experimental

Materials
2.3
Synthesis of Hierarchically Porous Zeolites
Nonionic-Templating Route
The preparation of mesoporous ZSM-5 via nonionic-templating route was performed by adding the nonionic mesopore-generating agent, TES-C 18 EO 10 , into a ZSM-5 seed solution followed by the hydrothermal reaction in a Teflonlined stainless steel autoclave at 393 K for 72 h under rotation at 20 rpm. 10 . The resulting product was washed with distilled water, recovered by centrifugation, and dried in an oven at 333 K. The organic components were removed by calcination in air at 823 K for 8 h with a heating rate of 1 K/min. The resulting product is hereafter denoted as mesoporous ZSM-5(N).
Cationic-Templating Route
Mesoporous ZSM-5 was also synthesized via cationic-templating route following the method reported by Ryoo and co-workers [18] with some modifications. TPAOC as cationic mesopore-generating agent was added to a ZSM-5 seed solution prior to the hydrothermal treatment. 
Generation of Proton By Ion-Exchange
To eliminate the possibility of being contaminated with Na + as impurity cations, mesoporous ZSM-5(N) and ZSM-5(C) were treated with an aqueous NH 4 Cl solution. The concentration of NH 4 + was adjusted to be 100 times higher than that necessary to compensate for the framework charge. This treatment was carried out in a beaker at 353 K under stirring for 6 h and the procedure was repeated for 3 times. The solid was filtered and washed with water. The NH 4 + -form products were finally converted into the H + -form by calcination at 773 K for 4 h and denoted as mesoporous HZSM-5. These samples were used for solid-state 27 Al MAS NMR measurement and catalytic testing.
Characterizations
Powder X-ray Diffraction
Powder X-ray diffraction (XRD) patterns were recorded on a Bruker AXS M03X-HF22 diffractometer or on a Rigaku RINT 2000 diffractometer both with Cu K radiation.
Solid-State NMR Spectroscopy
Solid-state 27 Al MAS NMR (JEOL CMX-300) spectra were recorded at a resonance frequency of 78.3 MHz with a spinning rate of 10 kHz, a pulse width of 1.0 s and a recycle delay of 5 s. 1 M aluminum nitrate (Al(NO 3 ) 3 ) was used as a standard which appears at 0 ppm.
Scanning Electron Microscopy
Field-emission scanning electron microscopy (FE-SEM) images were taken by Hitachi S-4800 at an accelerating voltage of 1 kV.
Nitrogen Adsorption-Desorption Isotherm
Nitrogen adsorption-desorption isotherms were obtained with an Autosorb-1 instrument (Quantachrome Instruments) at 77 K. Samples were preheated at 150 C for 6 h under vacuum. The Brunauer-Emmett-Teller (BET) surface areas were calculated from the adsorption branch of the isotherms in the relative pressure range from 0.06 to 0.18. Mesopore size distributions were calculated by Barrett-Joyner-Halenda (BJH) method using adsorption branch.
Pyridine Adsorption Monitored By In Situ Infrared (IR) Spectroscopy
The samples were compacted into self-supporting pellets and activated under vacuum with p = 10 -2 mbar at 673 K for 1 h. The spectrum of the activated sample was recorded by an infrared (IR) spectrometer (Nicolet) prior to the adsorption of pyridine. The pyridine in a small quantity (up to 1 mbar pressure) was introduced through glass vacuum cells into the samples. Before recording the spectra of adsorbed samples, pyridine was outgassed at 423 K. To directly compare the surface coverage of the adsorbed species, all spectra were normalized using the overtone and combination vibrations of the MFI materials between 2105 and 1740 cm -1 .
Catalytic Testing of Hierarchically Porous Zeolite: Esterification of Benzyl Alcohol With Hexanoic Acid
Liquid-phase esterification on hierarchically porous ZSM-5 was carried out under nitrogen atmosphere, using a batch reactor (round-bottom flask) equipped with a reflux condenser and a magnetic stirrer. Benzyl alcohol (4.10 g, 0.037 mol), hexanoic acid (4.80 g, 0.041 mol), toluene (18 g), and n-nonane (7.51 g) were mixed, and each reaction (4.63 g) was carried out with or without catalyst (0.10 mg) at 378 K for 4 h. Toluene and n-nonane were used as a solvent and an internal standard, respectively. After the reaction mixture was cooled down, the catalysts were removed by using syringe filter (Whatman 0.2 m PVDF) that is connectable to the disposable 6 ml syringe (NORM-JECT, Henke Sass Wolf). The liquid phase was diluted 12.5 times with toluene and injected as much as 5 L using micro syringe (ITO MS-NG05) into the gas chromatograph-mass spectrometer (Shimadzu GC-17A/GCMS-QP5050) equipped with a weak polar capillary column (1.5 m  30 mm  0.25 mm, 5% phenyl-95% methylpolysiloxane, GL Sciences, InertCap5). The conversion of benzyl alcohol and selectivity for the ester product over H + -form hierarchically porous zeolites as catalyst were quantitatively observed. Conventional H + -ZSM-5 was used as catalyst for comparison after applying ion exchange procedure described in 2.3.3.
3
Results and Discussion Figure 1 shows XRD patterns of as-synthesized, calcined and H + -formed products prepared via nonionic and cationic-templating routes. The crystallization of MFI zeolites has been confirmed. The peak corresponding to mesoscale ordering is also observed at low angle only in the case of mesoporous ZSM-5(C) (Figure 1 right) . A single, broad peak with d-spacing of 5.6 nm (2 = 1.5) (data not shown) may point to the formation of a wormhole-like mesostructure. However, mesoporous ZSM-5(N) does not exhibit any diffraction peaks at low angle (Figure 1 left) . In the case of hierarchical zeolite system, the growth of crystalline phase generally inhibits the generation of mesopores because mesoporous silica, with amorphous framework, is thermodynamically less-stable. The crystallinity of mesoporous ZSM-5(N) is higher than in mesoporous ZSM-5(C), which can be simply observed from the presence of amorphous phase in the latter samples, as suggested by the broad peak centered at 23. In the case of ZSM-5(N), the increase of zeolite crystalline phase probably led to the formation of an ill-ordered mesostructure showing no diffraction peak at low angle (Figure 1 left) . It is speculated that the wormholelike mesostructure with lower crystallinity of MFI can be obtained via nonionictemplating route by controlling the hydrothermal conditions. This is supported by our recent report on the synthesis of mesoporous siliceous MFI zeolite (silicalite-1) with a wormhole-like mesostructure with d = 7.5 nm using TES-C 16 EO 10 [20] . The isomorphous substitution of Si with Al atom during the hydrothermal synthesis was confirmed by 27 Al MAS NMR spectroscopy of the H + -formed samples (Figure 2) . The peak at around 60 ppm, assigned to tetrahedrallycoordinated Al atoms, appears in the spectra of both of the mesoporous ZSM-5 samples, suggesting the formation of Brønsted acid sites in the framework. However, in the case of mesoporous ZSM-5(N), the hexacoordinated, extraframework aluminum (at 0 ppm) is dominant compared to the tetrahedral Al species. This octahedrally-coordinated aluminum may act as Lewis acid sites located in the non-framework of MFI. We have evidences that the assynthesized sample prepared via nonionic-templating route has only tetrahedrally-coordinated Al atoms [23, 24] . From this observation, the dealumination process seems to take place during the organic removal or proton exchange.
We speculate that the crystallization of zeolite in the presence of silylated nonionic surfactant may lead to the substitution of Al mostly near the pore mouth, hence creating instability against the post synthetic treatment. In contrast, mesoporous zeolite synthesized via cationic-templating route provides a stable aluminosilicate framework against the post-synthetic treatment such as calcination and proton exchange. The presence of such cationic mesoporegenerating agent may give fine distribution of Al in the framework of zeolite because negatively-charged Al should somewhat be compensated by the ammonium cation in the surfactant tail since the formation of wormhole-like micelle principally gives the opportunity to locate these ions close to the zeolite nuclei. On the contrary, the nonionic mesopore-generating agent cannot provide this compensating electrostatic effect and fundamental study will be proposed to unravel the dealumination process. FE-SEM observation revealed that the morphologies of these mesoporous MFI zeolites were quite different from the coffin-type crystal morphology generally observed for conventional MFI zeolite. As shown in Figure 3 , both mesoporous ZSM-5(N) and ZSM-5(C) show rugged surface morphologies, suggesting that these particles consist of small MFI crystals with intercrystal mesopores, similar to the case of mesoporous silicalite-1 [20] . The mesoporosity was confirmed by nitrogen adsorption-desorption measurement (Figure 4, left) . The isotherms of mesoporous ZSM-5(N) and ZSM-5(C) show type IV due to the capillary condensation in mesopores. Table  1 summarizes the surface and pore characteristics of mesoporous ZSM-5 samples. Mesoporous ZSM-5(C) shows higher BET surface area and mesopore volume than mesoporous ZSM-5(N). It is interesting to note that the size distribution of mesopores is relatively narrow for these mesoporous ZSM-5 ( Figure 4, right) . The pore sizes estimated by BJH method [25] are comparable for both samples. In general, the mesoporosity and its pore size depend not only on the type of the surfactants, but also on the size of the surfactants, nature of precursors and other synthesis conditions (e.g. acidic or basic, surfactant/Si ratio, temperature, time, etc). For example, the resulting mesopore size of ZSM-5(C) has a slight difference from the results shown in ref. [18] . The discrepancy might rely on the synthesis condition particularly the hydrothermal temperature and time, in spite of utilizing the same mesopore-generating agent. The acidity of mesoporous ZSM-5 samples in the H + -form was probed by pyridine adsorption and analyzed using IR spectroscopy. Conventional ZSM-5 was also investigated for comparison. Figure 5 shows the selected regions of the IR spectra of the activated ZSM-5 samples before and after pyridine adsorption. In the spectra before pyridine adsorption ( Figure 5, left) , peaks at 3743 cm -1 assigned to terminal hydroxyl (SiOH) groups are observed for all of the samples. For conventional ZSM-5, the peak at 3608 cm -1 , assigned to the bridging hydroxyl (SiOHAl) groups (Brønsted acid site), is clearly observed. The catalytic activity of mesoporous ZSM-5 in the H + -form was tested in the liquid phase esterification of benzyl alcohol with hexanoic acid. Table 2 summarizes the catalytic conversion of benzyl alcohol. This reaction does not proceed in the absence of catalyst at least within the reaction time of 4 h at 378 K. Notably, mesoporous HZSM-5(C) converted nearly all benzyl alcohol into the ester as a product, whereas mesoporous HZSM-5(N) could not fully convert benzyl alcohol. In fact, the two catalysts have different amounts of Brønsted acid sites, but have comparable Lewis acid sites (Figure 4, left) . The less amount of Brønsted acid sites in mesoporous HZSM-5(N) prevents the good catalytic conversion but mesoporous HZSM-5(C) with a relatively large amount of Brønsted acid sites was shown to be an optimized catalyst for the liquidphase esterification of benzyl alcohol with hexanoic acid. It seems that Brønsted acidity along with mesoporosity play a crucial role in converting the benzyl alcohol since the conventional HZSM-5 with a relatively large amount of Brønsted acid sites does not show high catalytic activity due to the absence of mesoporosity. The ester product was confirmed to be benzylpentanoate by GCMS, which is a useful compound due to the fruity odor (apple skin), therefore highly demanded by the food industries. Srivastava and co-workers [26] reported similar reaction using mesoporous HZSM-5 catalyst synthesized via cationic-templating route, but benzylhexanoate was obtained as the product instead of benzylpentanoate.
The disagreement with our result may be due to the difference in the mesopore size of the catalyst. In their case, mesopore diameter of 5.2 nm was generated by using shorter surfactant tail (alkyl chain of 16) in the silylated cationic sufactant and this perhaps promotes the production of longer ester instead of shorter ester. The production of shorter ester may be preceded after cracking the esterifying agent (hexanoic acid) during the reaction. Generally, when zeolites are used as catalyst, the water formed as a result of the esterification reaction could lead to the deactivation or pore mouth blockage of the catalyst. This assumption may be used to explain the cracking phenomenon in the esterification of benzyl alcohol with hexanoic acid. However, further investigation regarding the effect of pore size and water poisoning on the formation of ester product is indeed necessary. These preliminary catalytic results shall be more explored in order to understand the selectivity, mechanism and active center responsible for the efficient conversion of liquid-phase esterification catalyzed by mesoporous zeolites.
Conclusion
The silylated cationic and nonionic surfactants have been succesfully used as mesopore-generating agents for synthesizing hierarchically porous MFI zeolites (ZSM-5). The morphologies of both mesoporous ZSM-5 show rugged surface of small MFI crystals with intercrystal mesopores. We have demonstrated that the hierarchically porous zeolites show narrow mesoporosity which can be useful for liquid-phase esterification of benzyl alcohol with hexanoic acid. By using cationic-derived mesoporous ZSM-5, all benzyl alcohol can be nearly converted into ester as product, whereas the nonionic-derived mesoporous HZSM-5 could not optimally convert the benzyl alcohol. The presence of Brønsted acid sites along with the mesoporosity supports this catalytic conversion. In situ IR spectroscopy monitoring the adsorption of pyridine and 27
Al MAS NMR spectroscopy were used to characterize the acidity and the nature of Al species in the zeolite framework/extra-framework.
